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$EVWUDFW
6SKHULFDOLQGHQWDWLRQWHVWLQJLVUHJDUGHGDVDQHIIHFWLYHWHFKQLTXHIRUGHGXFLQJWKHFRQVWLWXWLYHSURSHUWLHVRIPHWDOOLF
PDWHULDOVHJWKHGHWHUPLQDWLRQRIWKHVWUHVVVWUDLQFXUYHVHFXUYHIURPWKHFKDUDFWHULVWLFORDG/YVSHQHWUDWLRQ
GHSWKKFXUYH/KFXUYH+RZHYHUWKHXQLTXHQHVVEHWZHHQWKH/KFXUYHDQGWKHVHFXUYHKDVQRWV\VWHPDWLFDOO\
DGGUHVVHG\HW7KHH[LVWHQFHRIPDWHULDOVKDYLQJGLIIHUHQWFRQVWLWXWLYHODZVEXWYLVXDOO\LQGLVWLQJXLVKDEOH/KFXUYHV
KDVEHHQSUREHG WKXV UHTXLULQJ WKHGHYHORSPHQWRI UHILQHGPHWKRGRORJLHV IRUGLVWLQJXLVKLQJVXFKPDWHULDOV LQ WKH
UHYHUVHDQDO\VLV7KHVHWRSLFVDUHGHHSO\GLVFXVVHGLQWKHSUHVHQWSDSHU7KHLQGHQWDWLRQUHVSRQVHVRIDQDOXPLQXP
DOOR\ $O 7 DQG RI D GLVWLQFW PDWHULDO KDYLQJ DSSDUHQWO\ LQGLVWLQJXLVKDEOH /K FXUYHV DUH H[DPLQHG YLD D
SURSHU H[SHULPHQWDO FKDUDFWHUL]DWLRQ DQG )LQLWH (OHPHQW $QDO\VLV )($ )RU ERWK PDWHULDOV WKH VWUDLQ SURFHVVHV
RFFXUULQJ LQ WKH VXEVXUIDFH UHJLRQ DUH HVSHFLDOO\ H[DPLQHG DQG FRPSDUHG 7KH DQDO\VLV SUREHV WKDW WKH DFWXDO
FRQVWLWXWLYHSURSHUWLHVRIWKHLQGHQWHGPDWHULDOFDQEHGLVWLQJXLVKHGRQFHSURSHUIXQFWLRQVDFFRXQWLQJIRUWKHVWUDLQ
SURFHVVHVSURPRWHGE\ WKH LQGHQWHUDUHIRUPXODWHG%DVHGRQ WKHVHILQGLQJVDVXLWDEOH/KFXUYHH[SUHVVLRQDQGD
QHZUHYHUVHDQDO\VLVDOJRULWKPHQVXULQJWKHRQHWRRQHFRUUHVSRQGHQFHEHWZHHQWKH/KFXUYHDQGWKHVHFXUYHRI
WKHLQGHQWHGPDWHULDOVDUHSURSRVHG
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,QGHQWDWLRQ WHVWLQJ LVFRQVLGHUHGYHU\DWWUDFWLYH WRRO IRUFKDUDFWHUL]LQJ WKHHODVWLFSODVWLFEHKDYLRURI
PHWDOOLF PDWHULDOV 7KH WHFKQLTXH LV LQH[SHQVLYH QRQ GHVWUXFWLYH DQG LW GRHV QRW UHTXLUH VSHFLPHQ
SUHSDUDWLRQ WKXV PDNLQJ LW SRVVLEOH WR GLUHFWO\ XVH LW LQOLQH LQ PDQXIDFWXULQJ SURFHVVHV 6LQFH WKH
SLRQHHULQJFRQWULEXWLRQVRI0H\HUDQG7DERU >@ VHYHUDOPHWKRGRORJLHV IRUGHGXFLQJ WKHFRQVWLWXWLYH
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ODZVRIPHWDOOLFPDWHULDOVE\LQGHQWDWLRQWHVWLQJKDYHEHHQDWWDLQHG>@7KHPDWHULDOVFKDUDFWHUL]DWLRQ
FDQEHFDUULHGRXWE\XVLQJERWKVKDUSDQGEOXQWLQGHQWHUV,QWKHILUVWFDVHDWOHDVWWZRLQGHQWDWLRQVZLWK
GLIIHUHQWDSH[DQJOHVDUHQHHGHG WRGHILQLWHO\FKDUDFWHUL]H WKHPDWHULDOEHKDYLRU >@ WKXVXQGHUPLQLQJ
WKHDFFXUDF\RIWKHUHVXOWV>@LQWKHVHFRQGFDVHDVLQJOHWHVWLVVXIILFLHQW
,QGHQWDWLRQ WHVWLQJ SURYLGHV WZR GLVWLQFW VRXUFHV RI LQIRUPDWLRQ IRU PDWHULDOV FKDUDFWHUL]DWLRQ WKH
SODVWLFVWUDLQ ILHOGHYROXWLRQ LQVXELQGHQWHU UHJLRQDQG WKHFKDUDFWHULVWLF ORDG/YVSHQHWUDWLRQGHSWKK
FXUYH /K FXUYH 7KH VWUDLQ HYROXWLRQ LQ WKH VXELQGHQWHU UHJLRQ LV VWURQJO\ DIIHFWHG E\ WKH IULFWLRQ
EHWZHHQ WKH FRQWDFWLQJ VXUIDFHV RI WKH VSHFLPHQ DQG WKH LQGHQWHU >@ 5HOLDEOH HVWLPDWLRQV DUH
KDUGO\ DFKLHYDEOH GXH WR GLIILFXOWLHV LQ HVWDEOLVKLQJ WKH DFWXDO IULFWLRQ FRHIILFLHQW &RQYHUVHO\ WKH
FKDUDFWHULVWLF/KFXUYHLVEDUHO\DIIHFWHGE\IULFWLRQRQFHWKHSHQHWUDWLRQGHSWKKGRHVQRWH[FHHGWKH
RIWKHLQGHQWHUGLDPHWHU>@7KHUHIRUHWKHDQDO\VLVRI/KFXUYHIRUHYDOXDWLQJWKHVHFXUYHVHHPV
WREHPRUHUREXVWDQGHIIHFWLYH
7KH H[LVWHQFH RI D RQHWRRQH FRUUHVSRQGHQFH EHWZHHQ WKH PDWHULDO LQGHQWDWLRQ UHVSRQVH DQG WKH
FRQVWLWXWLYHSURSHUWLHVKDYHEHHQIDFHGRQO\E\IHZZRUNV>@5HFHQWO\&KHQDQGFRZRUNHUV>@
SUREHG WKH H[LVWHQFH RI PDWHULDOV KDYLQJ GLVWLQFWVH FXUYHV EXW YLVXDOO\ LQGLVWLQJXLVKDEOH/K FXUYHV
P\VWLFDOPDWHULDOV7KH\GHPRQVWUDWHGWKDWWKHVHPDWHULDOVFDQEHGLVWLQJXLVKHGLIYHU\ODUJHSHQHWUDWLRQ
GHSWKV K H[FHHGLQJ WKH  RI WKH LQGHQWHU GLDPHWHU DUH DFKLHYHG 7KH FRQWUDVW ZLWK WKH SUHYLRXV
UHPDUNVFRQFHUQLQJWKHUROHSOD\HGE\IULFWLRQLQWKHLQGHQWDWLRQUHVSRQVHLVDSSDUHQWWKXVFRQILUPLQJWKH
GHPDQGRIPRUHUHILQHGPHWKRGRORJLHVIRUGLVWLQJXLVKLQJVXFKPDWHULDOVLQWKHUHYHUVHDQDO\VLV
,Q WKLVZRUN WKH LQGHQWDWLRQ UHVSRQVHVRIDQDOXPLQXPDOOR\ $O7DQGRIDGLVWLQFWPDWHULDO
KDYLQJDSSDUHQWO\LQGLVWLQJXLVKDEOH/KFXUYHVDUHH[SORUHGYLDD)LQLWH(OHPHQW$QDO\VLV)($DQGIRU
WKHDOXPLQXPDOOR\DOVRE\DSURSHUH[SHULPHQWDOFKDUDFWHUL]DWLRQ)RUWKHVHOHFWHGPDWHULDOV WKHVWUDLQ
SURFHVVHVRFFXUULQJ LQ WKHUHJLRQEHQHDWK WKH LQGHQWHUDVD IXQFWLRQRI WKHDSSOLHG ORDG/DUHH[DPLQHG
DQGFRPSDUHG$QHZUHYHUVHDQDO\VLVDOJRULWKPHQVXULQJWKHRQHWRRQHFRUUHVSRQGHQFHEHWZHHQWKH/K
FXUYHDQGWKHFRQVWLWXWLYHSURSHUWLHVRIWKHLQGHQWHGPDWHULDOVDUHILQDOO\GHULYHG
0DWHULDOVDQGPHWKRGV
$O7H[SHULPHQWDOFKDUDFWHUL]DWLRQ
7KHLQYHVWLJDWLRQRIWKHVWUDLQLQJSURFHVVHVYLDDVXLWDEOHFRPSXWDWLRQDOPRGHOQHHGVWKHNQRZOHGJHRI
WKHVHFXUYHRIWKHLQGHQWHGPDWHULDO7KHGHWHUPLQDWLRQRIWKHH[SHULPHQWDOLQGHQWDWLRQUHVSRQVH/K
FXUYHLVDOVRRISDUDPRXQWLPSRUWDQFHIRUHVWDEOLVKLQJWKHDFFXUDF\RIWKHQXPHULFDOSUHGLFWLRQV

D      E
)LJD([SHULPHQWDOXSSHUDQGORZHUERXQGVRIWKHVW±HWFXUYHVEH[SHULPHQWDODQG)(/KFXUYHV
M. Beghini et al. / Procedia Engineering 10 (2011) 1679–1684 1681
)LJDLOOXVWUDWHVWKHXSSHUDQGORZHUERXQGVWUXHVWUHVVVWYVWUXHVWUDLQHWFXUYHVUHVXOWLQJIURPWKH
HODERUDWLRQRIVWDQGDUGWHQVLOHWHVWV$670((0FRQGXFWHGRQDXQLYHUVDOVHUYRK\GUDXOLFWHVWLQJ
PDFKLQH ,1675217KH+ROORPRQ SRZHUODZSDUDPHWHUV Q DQGV ILWWLQJ WKH DYHUDJHVW  HW
FXUYH EHWZHHQ WKH XSSHU DQG ORZHU ERXQGV ZHUH FDOFXODWHG $ YHU\ JRRG ILWWLQJ ZDV REWDLQHG WKXV
FRQILUPLQJWKDWWKHWHVWHGPDWHULDOEHKDYLRULVZHOOGHVFULEHGE\WKH+ROORPRQPRGHO
7KH H[SHULPHQWDO LQGHQWDWLRQ UHVSRQVHRI$O7ZDVGHWHUPLQHGXVLQJ D VSHFLILFDOO\GHVLJQHG
WHVWLQJPDFKLQH FDOOHG'LDSWRPHWUR >@ )RXU LQGHQWDWLRQV RQWR D SROLVKHGPDWHULDO VDPSOH 5DPP
ZHUHFDUULHGRXWLQGLVSODFHPHQWFRQWUROXVLQJDWXQJVWHQFDUELGH( *3DQ VSKHULFDOLQGHQWHU
 PP LQ GLDPHWHU G 7KH H[SHULPHQWDOO\ REWDLQHG /K FXUYHV DUH SORWWHG LQ )LJ E 7KH WHVWLQJ
PDFKLQHZDVFDOLEUDWHGDFFRUGLQJWRWKHSURFHGXUHGHVFULEHGLQ>@
1XPHULFDOPRGHOLQJRIWKHLQVWUXPHQWHGLQGHQWDWLRQWHVWV
7R GHVFULEH WKH VWUDLQLQJ SURFHVVHV SURPRWHG E\ WKH LQGHQWHU LQ WKH VXELQGHQWHU UHJLRQ WKH
FRPSXWDWLRQDO )( PRGHO DFFXUDWHO\ GHVFULEHG LQ >@ ZDV HPSOR\HG )LJ E VKRZV WKH FRPSDULVRQ
EHWZHHQ WKH H[SHULPHQWDO DQG QXPHULFDO /K FXUYH IRU WKH DOXPLQXP DOOR\ 7KH UHODWLYH GLIIHUHQFH
EHWZHHQWKHWZRFXUYHVUHVXOWHGORZHUWKDQLQWKHORDGLQJUDPSDQGZLWKLQLQWKHXQORDGLQJ
UDPS7KHRSWLPDOPDWFKLQJEHWZHHQWKHQXPHULFDODQGH[SHULPHQWDOUHVXOWVHQDEOHWRFRQILGHQWO\XVHWKH
)( PRGHOLQJ IRU LQYHVWLJDWLQJ WKH GHIRUPDWLRQ SURFHVVHV RFFXUULQJ LQ WKH VXELQGHQWHU UHJLRQ RI DQ\
PHWDOOLFPDWHULDOVDVDIXQFWLRQRILWVFRQVWLWXWLYHSURSHUWLHVDQGWKHDSSOLHGORDG/
,QGHQWDWLRQPDWHULDOVUHVSRQVHDQDO\VLV
'HILQLWLRQRIDP\VWLFDOPDWHULDODVVRFLDWHGWR$O7
$V VKRZQ E\ &KHQ DQG FRZRUNHUV >@ LW LV SRVVLEOH WR DQDO\WLFDOO\ GHULYH DQ HQGOHVV QXPEHU RI
P\VWLFDO PDWHULDOV IRU DQ\ JLYHQ PDWHULDO REH\LQJ WR WKH +ROORPRQ FRQVWLWXWLYH SRZHUODZ 7KH
GHWHUPLQDWLRQ RI VXFKPDWHULDOV LV EDVHG RQ WKH VSHFXODWLRQV RI&KHQ HW DO >@ DERXW WKH HTXLYDOHQFH
EHWZHHQWKHVSKHULFDODQGFRQLFDOLQGHQWDWLRQZKLFKDOORZWRPRGHOWKHORDGLQJFXUYHRIWKHLQGHQWDWLRQ
F\FOHE\WKH.LFN¶VODZ/ &KEHLQJ&WKHORDGLQJFXUYDWXUH)ROORZLQJWKHSURFHGXUHGHYHORSHGE\WKH
DXWKRUVDP\VWLFDOPDWHULDO$O7B0IRUWKHDOXPLQXPDOOR\ZDVGHWHUPLQHGDQGLQ7DEDUH
FROOHFWHGLWVFKDUDFWHULVWLF+ROORPRQSDUDPHWHUV7KH3RLVVRQUDWLRQ ZDVDVVXPHGIRUERWKPDWHULDOV
7DE  DOVR VXPPDUL]HV WKH DYHUDJH HODVWLFSODVWLF SURSHUWLHV RI $O 7 GHGXFHG IURP WKH
H[SHULPHQWDOWHVWV
7DEOH  (ODVWLFSODVWLF SURSHUWLHV DQG FRUUHVSRQGLQJ FKDUDFWHULVWLF SDUDPHWHUV RI+ROORPRQ ODZV UHSUHVHQWDWLYH IRU $O 7
DOOR\DQGIRURQHRILWVP\VWLFDOPDWHULDOV$O7B0
0DWHULDO  $O7 $O7B0
<RXQJ0RGXOXV*3D (  
&RQYHQWLRQDO<LHOGVWUHQJWK V\V  
3URSRUWLRQDOLW\/LPLW03D V  
6WUDLQKDUGHQLQJFRHIILFLHQW Q  
3ODVWLFGHIRUPDWLRQSURFHVVDQDO\VLV
7KH PRVW FKDUDFWHULVWLF LQGHQWDWLRQ UHVSRQVH IHDWXUHV RI $O 7 DQG $O 7B0 DUH
LOOXVWUDWHG LQ)LJVDQG7KH LQGHQWDWLRQFXUYHVDUHDSSDUHQWO\ LQGLVWLQJXLVKDEOHHYHQ LIDSSUHFLDEOH
GLIIHUHQFHV DW ORZ DQG UHODWLYH PHGLXPKLJK SHQHWUDWLRQ GHSWKV DUH YLVXDOO\ GHWHFWDEOH 7KH PDLQ
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GLIIHUHQFHVHVSHFLDOO\UHJDUGVWKHILUVWSDUWRIWKH/KFXUYH)LJEZKLFKFRQWDLQVWKHPRVWLPSRUWDQW
LQIRUPDWLRQIRUGHWHUPLQLQJWKHFRQVWLWXWLYHSURSHUWLHVRIWKHPDWHULDOV>@
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D      E
)LJD/KFXUYHVIRUERWKPDWHULDOVEUHODWLYHVFDWWHUEHWZHHQWKHWZRFXUYHV
 
)LJ(TXLYDOHQWSODVWLFVWUDLQVPDSVIRUERWKPDWHULDOVDWWKHPD[LPXPSHQHWUDWLRQGHSWKKPD[
$VGHSLFWHGE\)LJ WKH VFDWWHUEHWZHHQ WKH WZR/K FXUYHVDULVH IURP WKHGLIIHUHQWSODVWLF VWUDLQV
HYROXWLRQVLQGXFHGE\WKHLQGHQWHULQWKHWZRPDWHULDOV7KHVWUDLQLQJSURFHVVHVDUHFOHDUO\GULYHQE\WKH
KDUGHQLQJ FDSDELOLWLHV RI WKH LQYHVWLJDWHG PDWHULDOV ,W LV DSSDUHQW WKDW IRU HVWDEOLVKLQJ D RQHWRRQH
FRUUHVSRQGHQFHEHWZHHQ WKH/K FXUYH DQG WKHVH FXUYHRI WKH LQGHQWHGPDWHULDO WKH/K FXUYH IRUP
PXVWEHDEOHWRDFFRXQWIRUWKHHIIHFWLYHLQGHQWDWLRQUHJLPHVRFFXUULQJLQWKHVXELQGHQWHUUHJLRQGXULQJ
WKHWHVW>@
5HYHUVHDQDO\VLVDOJRULWKP
$VVKRZQE\&KHQHWDO>@YHU\ODUJHSHQHWUDWLRQGHSWKVKPXVWEHDFKLHYHGIRUGHGXFLQJWKHVH
FXUYHRI WKH LQGHQWHGPDWHULDOZKHQ WKH.LFN¶V ODZ LV HPSOR\HG IRUPRGHOLQJ WKH ORDGLQJ UDPSRI WKH
LQGHQWDWLRQF\FOH+RZHYHUDVSRLQWHGRXWE\VHYHUDOSDSHUV>@WKHXQSUHGLFWDEOHIULFWLRQDOHIIHFWV
EHFDPHPRUHDQGPRUHLPSRUWDQWDVWKHLQGHQWDWLRQGHSWKKLQFUHDVHVWKXVXQGHUPLQLQJWKHDFFXUDF\RI
WKHHVWLPDWLRQ7RRYHUFRPHWKHVHKXUGOHVPRUHUHILQHGH[SUHVVLRQVIRUWKH/KFXUYHPXVWEHIRUPXODWHG
DQGLPSOHPHQWHGLQWKHUHYHUVHDQDO\VLVDOJRULWKPV,QVSLUHGE\WKHVHUHPDUNVDQGEDVHGRQWKHVXFFHVVIXO
UHVXOWV SURYLGHG E\ WKH IRUZDUG DQG UHYHUVH DQDO\VLV SURFHGXUHV SURSRVHG LQ >@ D PRUH UHILQHG
DOJRULWKPKDVEHHQGHYHORSHG
$QHZSRO\QRPLDOIXQFWLRQZDVDVVXPHGIRUPRGHOLQJWKH/KLQGHQWDWLRQFXUYHV
ůϲϬϴϮͲdϲ ůϲϬϴϮͲdϲͺDϭ
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ZKHUHWKHH[SRQHQWVUNDFFRXQWVIRUDOOWKHLQGHQWDWLRQUHJLPHVRFFXUULQJLQWKHLQGHQWDWLRQWHVWZKHUHDV
WKH FRHIILFLHQWV%N DUH IXQFWLRQV RI WKH WZR SDUDPHWHUV V  Q RI WKH +ROORPRQ ODZ UHSUHVHQWLQJ WKH
PDWHULDOVHFXUYH
)RUWKHUHYHUVHDQDO\VLVWKHREMHFWLYHIXQFWLRQF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LV UHIHUUHG WR WKH GHSHQGHQW YDULDEOH K DQG LW LV GHILQHG DV D QRUP RI WKH GLIIHUHQFH EHWZHHQ WKH
H[SHULPHQWDOSHQHWUDWLRQGHSWKKH[SDQGWKHWHQWDWLYHKWKYDOXHVDVD IXQFWLRQRIWKHDSSOLHGORDG/7KH
UHVHDUFK DOJRULWKP ZDV PDLQWDLQHG XQFKDQJHG DV WKDW UHSRUWHG LQ >@ ZKLFK ZDV FRQVLGHUHG
DSSURSULDWHO\HIILFLHQW
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3UHGLFWHGFXUYH

)LJ&RPSDULVRQEHWZHHQWKHH[SHULPHQWDODQGSUHGLFWHGVHFXUYHV
7KHSURSRVHGSURFHGXUHZDVDSSOLHGWRWKHH[SHULPHQWDOFXUYHRI$O7DOOR\DQGWKHSUHGLFWHG
VHFXUYHIXUQLVKHGE\WKHUHYHUVHDQDO\VLVLVSORWWHGLQ)LJWRJHWKHUZLWKWKHH[SHULPHQWDOXSSHUDQG
ORZHUERXQGVFXUYHV7KHSUHGLFWHGFXUYHLVZLWKLQWKHXSSHUDQGORZHUERXQGRIWKHH[SHULPHQWDOFXUYHV
UHSUHVHQWLQJWKHVFDWWHURIWKHPDWHULDOEHKDYLRU7KHDOJRULWKPZDVDEOHWRLGHQWLI\WKHFRUUHFWFXUYHRI
WKHPDWHULDOVDQGLWGRHVQRWFRQYHUJHWRDQ\RIWKHLUP\VWLFDOO\DVVRFLDWHGPDWHULDOV
&RQFOXVLRQV
)URPWKHSUHVHQWDQDO\VLVLWFDQEHFRQFOXGHGWKDWDQDFFXUDWHUHSUHVHQWDWLRQRIWKH/KFXUYHDFFRXQWLQJ
IRU DOO WKH LQGHQWDWLRQ UHJLPHV RFFXUULQJ LQ WKH UHJLRQ EHQHDWK WKH LQGHQWHU LV PDQGDWRU\ IRU
GLVWLQJXLVKLQJ WKH HIIHFWLYHVH FXUYHRI WKH LQGHQWHGPDWHULDO.LFN¶V ODZGRHV QRW UHSUHVHQW WKHEHVW
IRUP IRU PRGHOLQJ WKH ORDGLQJ UDPS RI VSKHULFDO LQGHQWDWLRQ WHVWV ZKLOH PRUH UHILQHG DQDO\WLFDO
H[SUHVVLRQVRIWKH/KFXUYHFRXSOHGZLWKVXLWDEOHUHYHUVHDQDO\VLVDOJRULWKPVVHHPWREHDEOHWRFDSWXUH
WKHHIIHFWLYHLQGHQWDWLRQUHVSRQVHDQGDFFRUGLQJO\WRHQVXUHDRQHWRRQHFRUUHVSRQGHQFHEHWZHHQWKH/
KFXUYHDQGWKHFRQVWLWXWLYHODZRIWKHWHVWHGPDWHULDO
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